The use of acid suppression has been associated with an increased risk of upper and lower respiratory tract infections in the outpatient setting but the mechanism behind this increased risk is unknown. We hypothesize that this infection risk results from gastric bacterial overgrowth with subsequent seeding of the lungs.
A cid-suppression medications, including proton pump inhibitors (PPIs), are some of the most prescribed medications in adult and pediatric medicine. Prescriptions have risen by more than 400% in some age groups. 1 As the use of these medications has increased, the risks from use have become more apparent, with a rise in respiratory tract infections, pharyngitis, gastroenteritis, and Clostridium difficile colitis. [2] [3] [4] The mechanism behind the infections is not known but a change in the diversity or abundance of bacteria in the gastric fluid has been proposed with associated downstream effects on intestinal microflora. 5, 6 It is unknown whether acid suppression in children results through nonacid reflux in upstream effects on oropharyngeal and lung microflora that may be responsible for respiratory complications. The goal of this study was to determine the impact of acid-suppression therapy on the abundance and diversity of gastric and lung microflora in children presenting with chronic cough. We hypothesize that acid suppression will increase the abundance and diversity of gastric and lung microflora and that full-column nonacid reflux, which is increased in acid-suppressed patients, changes lung microflora.
Methods
At Boston Children's Hospital, we conducted a prospective cross-sectional study of children 1 to 18 years of age undergoing esophagogastroduodenoscopy and bronchoscopy for evaluation of cough. To be recruited for participation, patients needed to have a cough at least 3 times a week for at least 1 month of the year. All patients were referred for bronchoscopy by their primary pulmonologist. All patients scheduled for combined procedures between January 1, 2008, and June 1, 2012, were approached for participation. Children younger than 1 year were excluded because of the high rates of physiologic reflux. Patients were considered to be receiving acidsuppression therapy if they had taken a dose of acidsuppression medication within 24 hours of endoscopy and had been taking acid-suppression medication for a minimum of 4 weeks. Patients were considered to be not receiving acidsuppression therapy if the acid suppression was stopped more than 48 hours prior to their procedure. Because bacterial death can occur within 10 minutes of acid exposure, 48 hours off therapy was considered as not receiving therapy. 7 The study was approved by the institutional review board at the Boston Children's Hospital and written informed consent was obtained from all patients.
Procedures
Patients were enrolled at the time of endoscopic procedures. Bronchoscopy was performed first through an endotracheal tube. One milliliter per kilogram of normal saline was lavaged into the right middle lobe of the lung or in the lobe with the most visible secretions. A minimum of 2 mL of bronchoalveolar lavage (BAL) fluid was transferred from the sterile leukitrap to a sterile microtainer. Following the bronchoscopy, an esophagogastroduodenoscopy was performed. The endoscope was advanced through the mouth into the stomach without suctioning. Once in the stomach, the endoscopist suctioned a minimum of 1 mL of gastric fluid into a sterile leukitrap, which was transferred to a sterile microtainer. Gastric and BAL samples were kept on ice from the time of suctioning (for no more than 10 minutes) until being transferred to a −80°C freezer.
Multichannel Intraluminal Impedance with pH
Multichannel intraluminal impedance with pH (pH-MII) testing was performed in 50 patients undergoing esophagogastroduodenoscopy and bronchoscopy. The decision to perform pH-MII testing was at the discretion of the primary physicians rather than mandated by study protocol because of the invasive and prolonged nature of the test. Definitions of reflux episodes (acid, nonacid, and pH-only episodes) by pH-MII are published elsewhere. 8 The percentage of time that reflux was in the proximal esophagus was calculated by dividing the sum of the bolus clearance times in the proximal esophagus by the total study duration. The pH portion of the study was considered abnormal if the pH level was less than 4 for more than 6% of the study time. 9 The MII portion of the study was considered abnormal if there were more than 73 reflux episodes during the study time.
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Cultures
Gastric and lung fluid was cultured in the Anaerobe Research Laboratory at Brigham and Women's Hospital. Expanded cultures were performed on specialized media and individual colony types were selected for identification based on colony morphology. Bacterial identification was performed using longchain fatty acid analysis using the Microbial Identification System ([MIS]; MIDI Inc). Enterobacteriaceae were identified using the MIS or the API 20E system (bioMerieux, Inc). In addition to identification using the MIS, obligate anaerobes were also identified using the IDS RapID ANA II System (Remel Inc). The stored long-chain fatty acid analysis data from the MIS system were used where applicable for developing similarity indexes and dendrograms for groups of phenotypically similar isolates. All counts were recorded as log 10 colony-forming unit per milliliter.
Statistics
Distributions of continuous variables were summarized as mean (SD) if normally distributed or otherwise as median with interquartile range. Patient characteristics were compared for those taking and not taking medication using t tests or Fisher exact tests. Prevalence ratios were calculated with asymptotic standard errors and 95% confidence intervals. Correlations between continuous variables were assessed using Pearson correlation coefficients. Wilcoxon signed rank tests were used to compare continuous variables. Receiver operating characteristics were used to determine a cut point for a PPI dose that would predict gastric and lung growth. The nonparametric Jonckheere-Terpstra trend test was performed to investigate a dose-response relation between presence of gastric or lung growth and PPI doses 0.1 to 1.0 mg/kg, 1.1 to 2.0 mg/kg, and more than 2.0 mg/kg. All tests were 2-sided with P < .05 to indicate statistical significance. Data analysis was conducted using SAS (version 9.3), R, and MATLAB (MathWorks; http://www.mathworks.com).
Results
One hundred one patients were recruited but 2 patients had inadequate volume of lung fluid retrieved. Therefore, 99 patients were included in the analysis. Forty-eight children received acid-suppression therapy and 51 patients did not receive acid-suppression therapy. Of the patients receiving therapy, 45 children received PPI therapy and 3 patients received histamine-2 antagonist therapy. Patient demographics are shown in Table 1 .
Gastric Growth
Thirty-one patients (31%) had growth from gastric fluid; there was a significant difference in the presence of bacterial growth between patients not receiving therapy (18%) and those receiving therapy (46%; P = .003). Patients receiving acidsuppression therapy had a higher median total bacterial concentration than untreated patients, as shown in Figure 1A . Figure 2A ). As shown in Table 2 , patients receiving acid-suppression therapy not only had a higher prevalence but also had higher concentrations of the bacteria mentioned above.
BAL Growth
Seventy-seven patients (76%) had growth of bacteria in the lung. There was no difference in the median total bacteria concentration between treated and untreated patients ( Figure 1B ). Acid-suppression use was not associated with a positive lung culture (P = .23) or with the presence of specific types of bacteria ( Figure 2B ). Differences in concentrations between individual genera between patients taking and not taking medications are shown in Table 2 .
Overlap Between Gastric and Lung Microflora
Correlation matrices were performed to determine the relationship between microflora in the stomach and the lung. In treated patients, there was a significant correlation between the abundance of Corynebacterium (r = 0.34, P = .01) in the gastric and lung fluid and the abundance of Propionibacterium (r = 0.4, P = .006) in the gastric and lung fluid of patients receiving acid-suppression therapy, suggesting overlap between the sites.
Influence of Gastroesophageal Reflux on Lung Bacterial Growth
Fifty patients had pH-MII testing. The mean (SD) number of acid, nonacid, pH only, and total number of events are 25 (20) , 21 (18) , 16 (14) , and 45 (31), respectively. In the 50 patients with impedance testing, we found a significant correlation be- tween proximal nonacid reflux burden and lung concentrations of Bacillus (r = 0.47, P = .005), Dermabacter (r = 0.37, P = .008), Lactobacillus (r = 0.45, P = .001), Peptostreptococcus (r = 0.37, P = .008), and Capnocytophagia (r = 0.37, P = .008).
There was no significant relationship between an abnormal MII study or an abnormal percentage of time pH less than 4 and lung growth (P > .20).
Dose of Acid Suppression and Growth
Using a receiver operating characteristic analysis, the optimal PPI dose per kilogram predictive cut point for gastric growth was 1.0 milligram per kilogram, which has a sensitivity of 64%, a specificity of 60%, and an area under the curve of 0.62. The optimal PPI dose per kilogram predictive cut point for lung growth was 0.89 mg/kg with a sensitivity of 66%, a specificity of 53%, and an area under the curve of 0.5. Based on the low sensitivities, these results suggest that there is no clear milligram per kilogram dose predicting which patients will have gastric or lung growth. We then performed a χ 2 analysis to determine if a low dose (<1 mg/kg) or high dose (>1 mg/kg) predicted gastric growth or lung growth and found no significant difference between the 2 dosing groups and gastric (P = .20) or lung (P = .80) growth.
Discussion
This is the first study, to our knowledge, to determine in noncritically ill pediatric patients the differences in gastric and lung microflora between patients who are and are not receiving acidsuppression therapy and the impact of gastroesophageal reflux on lung microflora. We found a significant increase in the abundance and diversity of bacteria in the gastric fluid of patients receiving acid-suppression therapy as well as a correlation with full-column nonacid reflux and the concentrations of certain types of bacteria in the lungs. These findings are of direct clinical importance. We found not only that there was an increase in gastric bacterial concentrations with acid-suppression use but that acid-sensitive bacteria including Streptococcus and Staphylococcus were more prevalent and more abundant in the gastric fluid of patients receiving acid-suppression therapy. Because both of these genera may serve as potential pathogens in pharyngitis, upper respiratory tract disorders, and pneumonia, this finding may provide for the first time, to our knowledge, a link between acidsuppression use and lung infections in the noncritically ill patient. In a study of 37 adults undergoing endoscopy after treatment with histamine-2 antagonists and PPIs, Thorens et al 5 found 53% of patients had evidence of gastric bacterial overgrowth compared with 8% prior to starting acid suppression. Similar to our results, they found that there was overgrowth of Staphylococcus and Streptococcus. While the Thorens et al study is limited by its small size and comorbidities of patients with gastrointestinal symptoms, the rates of gastric bacterial growth in 53% of adults are similar to our rate of 46%, suggesting that the effects are truly a result of the acid suppression and not a result of the underlying disease (gastrointestinal vs respiratory disease). Also, Tho- teria between the stomach and the lungs; we found 8 genera that were found in both the gastric and bronchial fluid and 2 genera whose concentrations in the stomach and lungs were highly correlated. In the only other study, to our knowledge, that addresses the potential exchange between gastrointestinal and extraesophageal sites, Segal et al, 13 who studied gastric and oral cultures in 52 hospitalized geriatric patients with nasogastric tubes, found 9 genera in common between the gastric fluid and oropharyngeal secretions, also suggesting communication between the sites. In our study, we have overcome the 3 main limitations of the Segal et al study, namely that their findings may not represent what is seen in otherwise healthy patients including children, may be heavily influenced by the presence of indwelling tubes that alter flora and serve as a conduit between sites, and may not represent what is seen in the lung. 14 We have shown that gastric growth is significantly increased in patients receiving acid-suppression therapy while acidsuppression therapy alone does not seem to change lung microflora on a population level. There may be 2 reasons for this. First, because we studied children with chronic cough, these patients may have greater rates of lung culture positivity, which mask any smaller acid-suppression effect. In particular, some of the bacterial genera seen such as Staphylococcus and Streptococcus are highly prevalent in the lung even in healthy control participants so finding an acid-suppression effect may be difficult. 15 Second, the length of time needed to change lung microflora once acidsuppression therapy has begun is not known. Because lungs are not continually bathed in gastric fluid, we may not have captured the acid-suppression effect in all patients, whereas the immediate gastric effect was more clear. While we did not see any concentration effects when we pooled all of the lung samples, we did find a clear relationship between higher full-column nonacid reflux burden and specific bacterial concentrations. For example, not only was Dermabacter more common and more abundant in the gastric fluid of patients receiving acid-suppression therapy but its concentrations in the lung were correlated with fullcolumn nonacid reflux burden; this directly supports our hypothesis that gastric microflora can exert an influence over lung flora through nonacid gastroesophageal reflux in the acid-suppressed patient. These findings also support our prior studies showing that full-column nonacid reflux has been associated with increased BAL culture positivity in a hospital-based clinical microbiology laboratory and a culture positivity of Pseudomonas in patients with cystic fibrosis. 16, 17 Therefore, our results provide for the first time, to our knowledge, a plausible mechanism behind increased rates of clinical infections in patients receiving acidsuppression therapy. Some of the bacteria seen in increased amounts or prevalence are not typical pathogens and so one might ask if the microflora changes are clinically relevant. First, there is increasing evidence suggesting changes in commensal bacteria may alter the microbial environment such that pathogens are more able to invade. The best examples of this are the interrelationship between commensal bacterial and viral infections such as respiratory syncytial virus and influenza, which manifest clinically with increased otitis media and upper and lower respiratory tract infections. [18] [19] [20] [21] Second, in the immunocompromised host, even commensal bacteria can result in clinical infection, which may change the riskbenefit ratio of acid-suppression use in the immunocompromised host. 22, 23 Finally, while some of the bacteria present in both the gastric and BAL fluid are not pathogens, we have now proposed that aerodigestive disorders could result from exchanges in microflora, a novel mechanism beyond just acid damage. This study will serve as a springboard for additional studies that shift the focus away from only the acid effect on the lung. This study has some limitations. First, bacteria in gastric fluid may represent contamination from oropharyngeal contents that were brought into the stomach during endoscopy. While this is theoretically possible, we would expect if gastric bacteria were an endoscopic artifact the degree of oropharyngeal contamination should be similar in treated and untreated patients alike and gastric growth should be nearly universal because bacteria would be brought into the stomach with every endoscopy. Instead, we found a clear difference in the concentration of gastric bacteria in patients receiving and not receiving therapy and there were a significant number of samples that did not grow bacteria. Furthermore, a study by Donatsky et al 24 determined the change in bacteria concentrations in gastric fluid in adults who did and did not receive an oral decontaminant prior to endoscopy. They found that oral decontamination had no effect on gastric growth, suggesting that oral flora does not have an appreciable effect on gastric fluid flora obtained endoscopically. 24 Another limitation is that the channel of the scope was not sterile. However, Thorens et al, who collected gastric samples using a sterile tube with a distal rubber cap that was pierced at the time of endoscopy, identified a similar bacterial burden as we did despite different methods of collection. 5 And again, if growth was a result of contamination, we would not expect to see differences between the treated and untreated groups. A second limitation is that the patient's primary clinician determined if the patient was receiving acid-suppression therapy and if pH-MII testing was needed. Therefore, treated patients may have more reflux symptoms and might be more likely to take medications and undergo pH-MII testing. However, baseline symptoms, rates of abnormal impedance testing, and rates of esophagitis between the 2 groups were not different between treated and untreated patients, suggesting that the differences in acid-suppression prescribing or diagnostic testing reflected the primary physician's bias, not differences in the patient populations.
Third, the rate of colonization with bacteria from BAL fluid was high, with 76% of samples yielding bacteria by culture. This rate is higher than reported for normal control participants in children and adults and may reflect the fact that all of the patients had pulmonary symptoms. 25, 26 While the ideal study would be to perform bronchoscopies in healthy children without lung disease, this would be an ethically impossible study to perform.
Finally, we chose bacterial culture methods as a way to identify and quantify bacterial genera because we were interested in live potentially pathogenic bacteria. Using this method, we may have missed unculturable bacteria detected by 16S deep sequencing. While no studies, to our knowledge, have been done to compare 16S sequencing to culture in the pediatric stomach or lung, pediatric studies of other sites suggest that of all clinical samples sent to a pediatric microbiology laboratory, 18% of 16S sequencing negative samples were culture positive.
27 A follow-up study to our current study would be to reanalyze the samples using 16S sequencing to identify unculturable bacteria.
Conclusions
Acid-suppression therapy clearly alters gastric microflora and this may impact lung microflora through full-column reflux. Future studies need to determine what degree of acid suppression will reduce gastric growth while still controlling symptoms and whether gastric growth predicts clinical infection risk.
Our results highlight that any benefit of acid suppression should be weighed against potential risk, particularly in the immunocompromised host.
